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I. REAL PARTY IN INTEREST 

The real party in interest for this appeal is: Matsushita Electric Industrial Ltd. of Osaka, 

Japan. 

IL RELATED APPEALS AND INTERFERENCES 

There are no other appeals or interferences which will directly affect or be directly 
affected by or have a bearing on the Board's decision in this appeal. 

III. STATUS OF CLAIMS 

A. Total Number of Claims in Application 
There are three claims pending in application. 

B. Current Status of Claims 

1. Claims canceled: 13 and 15 

2. Claims withdrawn from consideration but not canceled: 1-11 

3. Claims pending: 12, 14, and 16 

4. Claims allowed: 0 

5. Claims rejected: 12, 14, and 16 

C. Claims On Appeal 

The claims on appeal are claims 12, 14, and 16 and are included in the Attachment A . 

IV. STATUS OF AMENDMENTS 

The claims on appeal were last amended prior to and were the object of the Final 
Rejection (Paper No. 36 - apparently partially mis-numbered in the record as Paper No. 35, but in 
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any case mailed by the PTO on December 31, 2002). No amendments have been made to the 
claims since that Final Rejection. 

Appellants filed an Response to the Final Rejection on February 28, 2003. The 
Examiner responded to the Amendment After Final Rejection in an Advisory Action, Paper No. 40, 
mailed November 19, 2003. In the Advisory Action, the Examiner indicated that Appellants 1 
arguments were considered but the rejection stood. 

V. SUMMARY OF INVENTION 

The claimed portion of the technology disclosed in the specification is a procedure for 
measuring electrical properties of a muscle tissue sample or a neural tissue sample in response to an 
added chemical material. It is a laboratory-type process practiced upon samples taken from an 
animal. A "neural sample" would typically be a sample taken from a brain although it need not be. 
The term "muscle sample" generally needs no additional explanation. The method requires the 
placement of a sample upon a multi-electrode surface that is able both to stimulate the tissue sample 
and to measure the electrical activity of that sample. It is an inherent property of such tissues that 
when still "living" in a laboratory sense, the tissues pass electricity in certain patterns through 
conduction passageways in the tissues. These currents, observed as electric potentials or voltage by 
the sensors, are measurable quantities that are indicia of the tissue itself. This phenomena in 
muscles was probably first observed by a crowd of Italian scientists the late 1700's and early 
1800's. The anatomist Luigi Galvani noticed that the muscles in frog legs, not otherwise connected 
to the relevant frog, contracted when contacted with a current source. Galvani subsequently found 
that electric stimulation of a frog's heart muscle caused muscular contraction. Allessandro Volta, in 
attempting to disprove the conclusions of Galvani, invents the voltaic pile » the first of the 
practical batteries. Carlo Matteucci, professor of physics at the University of Pisa, then 
demonstrated the presence of a small current with each heart beat using a cut nerve in a frog's leg as 
an electrical sensor and the twitching of the associated frog muscle as the visual sign of electrical 
activity. In any case, today such electrical activity is routinely monitored in the human heart by the 
device producing electrocardiograms and in the human brain by devices producing 
electroencephalograms (EEG). 
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Returning to the Appellants' claimed technology, the process then involves a "before" 
measurement of that sample tissues' electrical activity, the eventual introduction of a chemical 
substance to the tissue sample in some fashion, and the subsequent or "after" measurement of 
electrical properties of the tissue sample itself The comparison of the "before" and "after" 
measurements allow the user to determine the effect of the chemical material upon that tissue 
sample. Measurement of the electrical activity is both desired and possible at a time when the 
observed effect would be considered a "chronic" effect as that term is used in medicine today. 

This methodology allows the process user to perform such analysis as determining 
whether a particular chemical substance has long term effects on the brain, e.g. perhaps causing 
diseases or addiction, by simply observing the changes in electrical activity of certain portions of a 
neural tissue sample over an extended period of time. 

The method involves the use of a detector having a number of electrodes on a substrate. 
One will note that the detector is put together in such a way that it is able to contact the tissue 
sample with a number of electrodes and is able both to apply an electric stimulus to the tissue 
sample and to measure the electrical properties of the tissue sample. A typical device is shown in 
Figures 1-3 of the application. This type of a procedure is shown, for instance, in Example 1 . 
Example 1 shows the placement of "a slice of the cerebral cortex of a rat. . .used as nervous tissue" 
on (or into) the multi-electrode device and further shows the effect of introducing methamphetamine 
(as a "chemical substance") to the sample. The type of culturing to preserve the viability of the 
tissue sample is discussed at length in Example 1 but suffice it to say that section 4 of Example 1 
(beginning at page 33, bottom of the page), indicates there is a significant difference between the 
culturing used on "Nervous Tissue or Nervous Cells". It is these tissue "samples" that are required 
by the procedure of these claims. It is the measurement of the electrical activities of the tissue - - 
not of some resulting effect upon the fluid in the neighborhood of the surface of the multi-electrode 
array — that is watched in this claimed method. 
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VL ISSUES 

The issues in this appeal are as follows: 

1. Whether claims 12, 14, and 16 are properly rejected under 35 U.S.C. 103(a) as 
unpatentable over Gahwiler et al. (Neuroscience, 1982, 7; 1243-1256) in view of Gross 
et al. (J. of Neuroscience Methods 5:13-22, 1982), and 

2. Whether claims 12, 14, and 16 are properly rejected under 35 U.S.C. 103(a) as 
unpatentable over Gahwiler et al. (noted above) in view of Giaever et al. (U. S. Patent 
No. 5,187,096). 

(Copies of the three references are found in Attachment B .) 

VH. GROUPING OF CLAIMS 

For purposes of this Appeal Brief, claims 12, 14, and 16 rise and fall together. 

VIII. ARGUMENTS 

This is a fairly straightforward appeal having but a few straightforward points. The first 
point: none of the cited references show the placement of a tissue sample on a multi-electrode array. 
It is to be recalled that a "tissue sample" is something different from either individual cells or 
clumps of later recultured cells in that the latter lack the anatomical structure found in a "tissue 
sample." Secondly, there are no clear bases articulated in the Final Rejection for combining the 
primary and secondary references and certainly the references are silent as to such reasons. Finally, 
since the various devices in the references do not measure electrical properties of the tissue sample 
at multiple sites, none of the references consequently measure those multiple effects on the tissue 
sample's electrical activity, whether those effects be either short term or chronic. 
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Gahwiler et ah in view of Gross et al. 

Claims 12, 14, and 16 stand rejected under 35 U.S.C. 103(a) as unpatentable over 
Gahwiler et al. (Neuroscience, 1982, 7; 1243-1256) in view of Gross et al. (J. of Neuroscience 
Methods 5:13-22, 1982). The rejection over which this appeal is made is considered to be that 
recited in the Office Action dated December 31, 2002 (Paper No. 35 [or 36]). Specifically the final 
rejection is believed to be: 

"Gahwiler et al. 1982, teach a method of testing the effect of 
chemical substances (acetylcholine) on neuronal tissue (hippocampal 
sections) and measuring the electrical properties (see experimental 
procedures on page 1243 and 1244) before and after addition of said 
substance (see results and figures). Although the prior art used standard 
electrophysiological techniques for recording the electrical properties, the 
prior art specifically does not teach providing a detector comprising 
plurality of microelectrodes on a substrate for contacting the tissue sample 
(i.e., the device or apparatus). 



"Gross et al teach an apparatus (see material and 
methods/figures) for observing a physical and chemical property of a tissue 
or cells comprising providing photo etched electrodes integrated into the 
floor of a tissue culture chamber (i.e. providing a substrate with planar 
electrodes disposed on the same plane as the substrate) and a cell culturing 
means, (page 13). Gross et al teach recording the electrophysiological 
potentials with electrodes integrated into the tissue culture plate would 
allow the long term monitoring of neuronal activity. It would have been 
prima facie obvious to one of ordinary skill in the art at the time that the 
invention was made to us e the apparatus designed by Gross in a method of 
Gahwiler et al to measure the electrical properties before and after addition 
of chemical substances because Gross et al suggests that the apparatus 
disclosed in obviously designed for long term cultures. The motivation to 
use this apparatus to achieve the obviously designed for long term cultures. 
The motivation to use this apparatus to achieve the obvious benefits is 
clearly suggested by Gross (see page 21, last paragraph). Therefore, it 
would have been prima facie obvious to one having ordinary skill in the art 
at the time the invention was made to use the apparatus as taught by Gross 
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et al for measuring and comparing waveforms or electrical properties of 
neural tissue before and after the addition of chemical substances as taught 
Gahwiler et al because the apparatus is designed to measure the effect of 
different concentrations of the chemical substance on tissue and comparing 
the electrical properties of long term cultures." 

In response to arguments made by Appellants, the Examiner expanded upon the rejection 
in the Advisory Action thusly: 

"Applicant states that Gahwiler do not measure a chronic effect 
(i.e., test compound) on tissue sample but teaches measurement of cell 
potentials from rat hippocampus that has been cultured using the roller-tube 
technic and Gross does not teach neural tissue sample but teaches 
disassociated neurons on a multi-electrode plate. 

"It is the examiner's position that the term "chronic" is a relative 
term without any lower boundaries and not defined by either the claim or by 
the specification. Gahwiler use neural tissue and Gross suggests the 
apparatus disclosed is obviously designed for long-term cultures. 
Therefore, the teachings of prior art established a prima facie obviousness. 
The examiner has clearly established a prima facie obviousness using the 
basic criteria, suggestion and reasonable expectation of success. Gahwiler 
et al 1982, teach a method of testing the effect of chemical substances 
(acetylcholine) on neuronal tissue (hippocampal sections) and measuring the 
electrical properties (see experimental procedures on page 1243 and 1244) 
before and after addition of said substances (see results and figures). The 
term "chronic" is not defined by the claim; the specification does not 
provide a standard for ascertaining the requisite degree. Therefore, the prior 
art teaches a method of testing the chronic effect of compounds in a neural 
tissue culture. Further, Gross et al teach an apparatus (see material and 
methods/figures) and a method for observing a physical and chemical 
property of a tissue or cells comprising providing photo etched electrodes 
integrated into the floor of a tissue culture chamber (i.e. providing a 
substrate with planar electrodes disposed on the same plane as the substrate) 
and a method of cell culturing means, (page 13). 

"Gross et al teach recording the electrophysiological potentials 
with electrodes integrated into the tissue culture plate would allow the long 
term monitoring of neuronal activity. The examiner is aware that Gross did 
not use tissue but the claims were rejected under 35 U.S.C. 103 and not 
under 35 U.S.C. 102. Therefore, it would have been prima facie obvious to 
one of ordinary skill in the art at the time that the invention was made to use 
the apparatus in a method designed by Gross to teachings of Gahwiler et al 
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to measure the electrical properties before and after addiction of chemical 
substances to neural tissue sample because Gross et al suggests that the 
apparatus disclosed is obviously designed for long term cultures. The 
motivation to use this apparatus and a method to achieve the obvious 
benefits is clearly suggested by Gross (see page 21, last paragraph). Thus 
the teaching of the prior art make the claimed invention obvious. Therefore, 
the rejection is maintained." 

Appellants have consistently disagreed with this rejection and typically for the reasons 
discussed above. 

The Gahwiler reference shows at page 1243 and the EXPERIMENTAL PROCEDURES 
that hippocampal cultures were prepared by cutting slices of rat brain, embedding those slices in a 
plasma clot, and then culturing them for 3-1 1 weeks in a device using a "roller tube technique." 
The article goes on to note that the resulting roller-tube cultures "flattened during the first four 
weeks to such an extent that individual nerve cells can easily be viewed with phase contrast 
microscopy." Consequently, the roller tube cultures arguably provide a "tissue sample" albeit many 
weeks later. However, there is no indication that a multi-electrode measuring device was used and 
indeed, the EXPERIMENTAL PROCEDURES section indicates that only "standard 
electrophysiological techniques were used." This statement means that, at that time, individual 
electrodes were the norm. Specifically, the penultimate paragraph of the EXPERIMENTAL 
PROCEDURES section mentions that various other electrodes (stimulation, ACh introduction, etc.) 
"could be positioned independently of the recording electrode." To repeat, the article says "the" 
recording electrode. 

The requirements in claim 12 of providing a detector having a "plurality of electrodes" 
and the further requirement of contacting the "neural or muscle tissue sample" with the "plurality 
of electrodes" are not there by accident. Multiple electrodes allow measurement of electrical 
activity in the tissue sample at the same time at multiple sites. That the relationship amongst these 
various measurements may be important to determination of the type of chemical substances 
assessed is a feature not mentioned in the Gahwiler et al. disclosure. Of course, since the tests 
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discussed in the article were conducted using "the" recording electrode, it could not have been so 
mentioned. 

In a similar vein, there is no particular mention of the concept of maintaining the neural 
or muscle tissue sample in conjunction with the single recording electrode in such a way that one is 
able to measure electrical properties of the neural or muscle tissue sample at a time which measures 
"chronic response." Specifically, the longest measurement found in the Gahwiler et al. article 
appears to the 90 seconds time found in Figure 8. A period of 90 seconds can, in no way, be 
considered "chronic." A time of 90 seconds is, by any reasonable medical standard, a time at which 
an "acute" measurement is taken. Gahwiler et al. clearly uses a older, earlier generation type of 
measuring equipment. To do any measurement that could be considered to show a "chronic" result, 
Gahwiler would find it necessary to return the various tissue slices to the roller tube device for 
further culturing. At a still later time, the slices would re-make the journey to the measurement site 
to again be probed by "the" recording electrode. The difficulty in repositioning "the" recording 
probe in the same place on the sample after the additional roller-tube culturing, is staggering. 
Again, the slices under study there were from rats having an age of from seven to ten days. The 
samples are not large. But, to compare those measured voltages on a "chronic" basis using the 
Gahwiler et al method, that is the task. 

It is clear that the work described in the Gahwiler et al article did not include such an 
effort. It is also not apparent that such a task would be possible understanding the difficulty of 
placing and then later re-placing such a probe in multiple sites in a slice taken from a seven to ten 
day old rat. 

In sum, Gahwiler et al does not show the placement of a tissue slice on a multi-electrode 
detector, it does not suggest any value in measuring electrical activities at different times that are 
much more than a minute or two apart, and it does not show any reason to consistently measure the 
electrical activities of the tissue slice at a same spot. 

The Gross et al. reference describes a device that cultures mice spinal tissue cells on a 
multi electrode plate. The procedure used with the Gross et al. device does not measure the 
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electrical activity of a neural or muscle tissue sample. The activity measured is only that of 
individual or re-aggregated mouse spinal cells. No suggestion of the placement of tissue slices into 
the Gross et al. device is to be found in the article. Indeed the article (on the first page), the goal of 
the study was to achieve "recordings from mammalian CNS neurons cultured on the electrode 
surface ." (emphasis added) That is not a teaching to use slices from mammalian sources. 

The Examiner suggests that a goal of Gross et al is to achieve procedures for long term 
monitoring. That is a goal found at the end of the first paragraph on page 14. however, the goal 
relates to "mouse spinal neurons," not to whole tissue samples. In assessing the achievements of the 
project, the authors note at page 21 that "the multi electrode plates used in these experiments are 
obviously designed for the long term, simultaneous recording of spike activity from cultured 
neuronal monolators in which the active units in most of their inner connections can be identified 
and observed." Again, this comment does suggest the use of this device on a tissue slice. The 
authors go on to say that although "preliminary data show healthy-looking cultures can be 
maintained ... for over three weeks, we cannot yet make any statements about signal acquisition 
during that period of time. Monolayers and presumably the surfaces of tissue micro fragment are 
not morphologically stable." 

The journal article complains that movement of the cultured material is a significant 
problem. This likely means that the data may not be particularly useful. If the Gross et al authors 
weren't recommending their device and the allied procedure, why would one having ordinary skill 
in this art have taken the procedure found in the Gross et al reference and do something with it not 
apparently envisioned - a process such as that shown in Gahwiler et al.? What confidence would 
that one of ordinary skill have that the combined processes would produce useful results? The 
references are ill-combined in the Final Rejection and the rejection should be withdrawn. 

In sum, the procedures shown in Gahwiler et al. and Gross et al., even as combined in 
the Office Action, would not produce a method such as required by the independent claim 12. 
Indeed there are significant reasons why one would not practice the procedure Gahwiler et al. in the 
device of Gross et al. since the Gross et al. considers the device to be an unlikely candidate for long 
term measurement of even those samples that are derived from neural or muscle tissue. 
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The rejection should be reversed. 

2.) Gahwiler et aL in view of Gross et al. 

Claims 12, 14, and 16 stand rejected under 35 U.S.C. 103(a) as unpatentable over 
Gahwiler et al. (Neuroscience, 1982, 7; 1243-1256) in view of Giaever et al. (U.S. Patent No. 
5,187,096). In support of the final rejection, the Examiner stated: 

"Giaever et al teach an apparatus (see claims) for observing a 
physical and chemical property of a tissue or cells comprising plurality of 
electrodes integrated into the floor of a tissue culture chamber (i.e. 
providing a substrate with planar electrodes disposed on the same plane as 
the substrate) and cell culturing (column 2, Summary of the invention) 
means. Giaever et al teach by using this apparatus, the activities of cultured 
cells that are attached to the surfaces could be followed continuously in real 
time. The recording of extracellular electrophysiological potentials with 
electrodes integrated into the tissue culture plate would allow the long term 
monitoring of cell activity to change in the physical environment and drugs 
(column 3 and 4). It would have been prima facie obvious to one of 
ordinary skill in the art at the time that the invention was made to use the 
apparatus designed by Giaever et al in a method of Gahwiler et al to 
measurer the electrical properties before and after the addition of chemical 
substances because Giaever et al suggests that this apparatus is obviously 
designed for long term cultures. The motivation to use this apparatus to 
achieve the obvious benefits is clearly suggested y Giaever et al. (see 
column 3, lines 23-55). therefore it would have been prima facie obvious 
to one having ordinary skill in the art at the time the invention was made to 
use the apparatus as taught by Giaever et al for measuring and comparing 
waveforms or electrical properties of neural tissue before and after the 
addition of chemical substances as taught by Gahwiler et al because the 
apparatus designed by Giaever is fore measuring the effect of different 
concentration of the chemical substances on tissue and comparing the 
electrical properties of long term cultures." 

In response to Appellants' arguments made after the Final Rejection, the Examiner 
added the following in the Advisory Action: 
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"Applicant states that Gahwiler do not measure a chronic effect 
(i.e. of test compound) on tissue sample but teaches a measurement of cell 
potentials from rat hippocampus that has been cultured using the roller-tube 
technic and Giaever et al (U.S. Patent No. 5 5 187,096) do not teach a device 
that measures an electrical property of tissue. 

"The Gahwiler has been discussed supra. The examiner is aware 
that Giaever did not use tissue but the claims are rejected under 35 U.S.C. 
103 and do under 35 U.S.C. 102. Therefore, the teachings of Gahwiler 
using a neural tissue for measuring the effect of compound in a method 
using Giaever apparatus makes the claimed invention obvious over the prior 
art as explained. Therefore, the rejection is maintained". 



The rejection of the claims under 35 USC as rendered obvious by Gahwiler et al. in view 
of Giaever et al. is inappropriate. The Gahwiler et al. article has been discussed above. The 
Giaever patent makes no mention of a process that measures either electrical activity or an electrical 
property of a tissue sample. Giaever mentions only the measurement of impedance, in this instance 
a specific property of the fluid surrounding the individual cells found in the Giaever electrode array. 
There is no indication in Giaever that there is any reason to measure completely a different property 
— electrical properties of the neural or muscle tissue sample. 

Furthermore, claim 12 requires that the neural or muscle tissue sample be contacted 
"with the plurality of electrodes." It is not apparent from reading of the Giaever et al. reference that 
in any instance is there a particular sample may be in contact with two electrodes at the same time. 
Each electrode in the Giaever et al. reference is each isolated — one to a well. See, for instance, 
Figure 1 and note that the well shows a "single cell culture cell assembly" having a "cylinder 
12. . .[with] a large upper electrode 18 containing a cylindrical hole 20 which also. . .includes a small 
hole 28 positioned within the hole 20 for each well assembly 10, to expose a small electrode area 30 
of strip 24." See column 5, lines 35-50. It is unclear how one of ordinary skill in this art would 
place a single neural or muscle tissue sample in the multiple electrode sites found in this disclosure 



pa-846659 



Application No.: 08/913,811 



13 



Docket No.: 356972020100 



and expect it to operate in variously the manner described in the Giaever patent, the Gahwiler 
article, or the claimed method. 

The final rejection should be reversed. 



IX. CLAIMS INVOLVED IN THE APPEAL 

A copy of the claims involved in the present appeal is attached as Appendix A. 

Dated: January 30, 2004 Respectfully submitted, 



By_ 
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E. Thomas Wheelock 

Registration No.: 28,825 
MORRISON & FOERSTER LLP 
755 Page Mill Road 
Palo Alto, California 94304 



(650) 813-5739 
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CLAIMS OF SER. NO. 08/913,811 ON APPEAL 



12. A method of testing the chronic effect on neural or muscle 
tissue samples of chemical substances comprising: 

providing a detector, wherein the detector comprises a plurality of 
microelectrodes on a substrate configured to contact the tissue sample and 
apply an electric stimulus to the tissue sample; 

contacting said neural or muscle tissue sample with the plurality of 
electrodes; 

measuring the electrical properties of the neural or muscle tissue 
sample; 

adding said chemical substance to the neural or muscle tissue sample; 

measuring the electrical properties of the neural or muscle tissue 
sample at a time which measures chronic response to said chemical 
substance; and 

comparing said electrical properties before and after said addition of 
said chemical substance to determine whether said added chemical substance 
has had an influence on the neural or muscle tissue sample. 



14. The method of claim 12 for testing the effect on neural or 
muscle tissue samples of chemical substances as medicines, wherein the step 
of adding chemical substance to the neural or muscle tissue sample 
comprises adding said chemical substance in a selected concentration to the 
neural or muscle tissue sample. 



1 6. The method of claim 1 2 for testing the effect on neural or 
muscle tissue samples of chemical substances as medicines, wherein the 
chronic measuring step takes place at least three days after said addition 
step. 
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MULTIPLE ACTIONS OF ACETYLCHOLINE ON 
HIPPOCAMPAL PYRAMIDAL -CELLS IN ORGANOTYPIC 
EXPLANT CULTURES 

B. H. Gahwiler and J. J. Dreifuss 
Preclinical Research, Sandoz Ltd., 4002 Basle, Switzerland and 
Department of Physiology, University of Geneva, Medical School, 1211 Geneva, Switzerland 

Abstract— Hippocampal cultures were prepared from 7- to 10-day-old rats by means of the roller-type 
technique. The preservation of the characteristic hippocampal cytoarchitecture allowed, after many 
weeks in vitro, impalement of pyramidal cells by microelectrodes under visual control. Application of 
10~ 7 to 10 5 M acetylcholine to the bath depolarized hippocampal pyramidal cells, strongly increased 
their rate of firing and induced paroxysmal depolarization shifts. This depolarizing action was ac- 
companied by a reduction in the amplitude of evoked postsynaptic potentials. Whereas it was not clear 
whether the decrease in the amplitude of the excitatory postsynaptic potentials was only a result of 
membrane depolarization, acetylcholine clearly and reversibly reduced the potency of evoked inhibitory 
postsynaptic potentials. 

Iontophoresis of acetylcholine to the perisomatic region of pyramidal neurons, like acetylcholine 
applied, to the bath, increased their firing rate and powerfully decreased the amplitude and duration of 
spontaneous and evoked inhibitory postsynaptic potentials. In contrast, iontophoresis of acetylcholine in 
the pyramidal cell layer at a distance from the recorded neuron generated a hyperpolarizing response 
associated with a reduction in firing rate. At high current strength, the initial hyperpolarization was 
(often) followed by a paroxysmal depolarization shift. High frequency electrical stimulation with elec- 
trodes located close to the acetylcholine pipette in the pyramidal cell layer (i.e. about 1 mm away from 
the recorded neuron) mimicked the acetylcholine effect. 

Resistance measurements indicated that membrane input resistance was decreased in the majority of 
cells during application of acetylcholine. This decrease in membrane resistance may result from a direct 
action of acetylcholine or from an increased synaptic activity. Synaptic alterations induced by acetylcho- 
line were quick in onset and in recovery, while the increase in the rate of firing occurred somewhat later. 
Atropine (10~ 3 MX which had no significant action by itself, completely abolished the action of acetyl- 
choline applied to the bath or by iontophoresis. In contradistinction, naloxone did not influence the 
acetylcholine effects, although opiates and opioid peptides produce paroxysmal depolarization shifts in 
pyramidal cells which resemble those induced by acetylcholine. 

Addition of 8-16 mM magnesium to the bathing solution or exposure of the cultures to a calcium-free 
solution containing 1 mM cobalt abolished the effects of acetylcholine. In the presence of I0 _6 g/ml 
tetrodotoxin, 10" 5 M acetylcholine decreased the membrane input resistance of pyramidal cells, "reduced 
their threshold for the generation of tetrodotoxin-resistant spikes and generated paroxysmal depolariz- 
ation shifts in a proportion of pyramidal cells. These results suggest that acetylcholine facilitates the 
generation of calcium-spikes and can initiate epileptiform depolarization shifts which appear to be 
intrinsic to pyramidal cells and which presumably result from a large influx of calcium-ions. 



Various investigators have reported a slow muscarinic 
excitatory effect of iontophoretically-applied acetyl- 
choline (ACh) on hippocampal pyramidal 

ceIIs 2,3.4.1 1,25.27,28 Qf AQl ^ 

lated to be of postsynaptic origin and mediated by a 
decrease in potassium permeability, 115 analogous to 
the action of ACh reported for neurons of the cerebral 
cortex. 17 

Other studies showed that ACh also exerts a pre- 
synaptic inhibitory action in the hippo- 
campus. 9 - 14 * 18 ' 22 - 30 - 31 Moreover, ACh has been pro- 



Abbreviations: ACh, acetylcholine; EPSP/IPSP, excita- 
tory/inhibitory postsynaptic potential. GABA. y-aminobu- 
tyrate; PDS, paroxysmal depolarization shift; TTX. tetro- 
dotoxin. 



posed to exert a neuromodulatory role in the hippo- 
campus in view of the fact that ACh-induced increases 
in membrane input resistance and burst firing lasted 
for many hours. 1 

In this study, we have used organotypic explant 
cultures of rat hippocampus and we show that ACh 
effects on pyramidal cells are diverse and persist after 
long-term cholinergic deafferentation. 



EXPERIMENTAL PROCEDURES 

Hippocampal cultures were prepared from 7-10-day old 
rats. Transverse slices, 350-450 /im thick, were cut with a 
Mclllwain tissue sectioner, embedded in a plasma clot and 
cultured for 3-11 weeks by means of the roller-tube tech- 
nique. 7 The cultures were fed at weekly intervals with a 
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medium consisting of horse serum (25%), Hanks* balanced 
salt solution (25%) and basal medium (Eagle) (50%), sup- 
plemented with glucose to a final concentration of 
6.5 mg/ml. 

Standard electrophysiological techniques were used for 
recording and for local application of ACh. Membrane 
input resistance was determined by applying negative cur- 
rent pulses of 120 ms duration and of 0.3 to 0.5 nA ampli- 
tude. Electrodes for intracellular recordings pulled from 
fine capillary tubing (external diameter 1 mm. internal, 
0.75 mm) had a resistance of 50-80 MO and were filled 
with 3M potassium acetate; glass electrodes used for 
monopolar field stimulation and for iontophoretic appli- 
cation of ACh had a tip diameter of 1-3 j/m. They could be 
positioned independently of the recording electrode and 
contained either 1 M sodium chloride or 0.1 M ACh; leak- 
age of drug was minimized by application of a -40nA 
retaining current. ACh, as well as all other substances to be 
tested, were directly added to Hanks' balanced salt sol- 
ution which also served as the control solution. 

The following compounds were used; acetylcholine 
chloride (Sigma), atropine sulphate (Sigma), L-glutamate 
(Sigma), naloxone (Endo). tetrodotoxin (TTX, Sankyo). 

RESULTS 

Roller-tube cultures flatten during the first four 
weeks to such an extent that individual nerve cells can 
easily .be viewed with phase contrast microscopy. 7 
Despite this thinning, the characteristic hippocampal 
cytoarchitecture remained intact (Fig. 1), Activity was 
recorded intracellular^ from a total of 44 pyramidal 
neurons. All cells had resting potentials of at least 
— 50 mV and their membrane input resistance ranged 
between 40-95 Mfi. Most cells spontaneously dis- 
played action potentials and produced sequences of 
excitatory (EPSP) and inhibitory (IPSP) postsynaptic 
potentials lasting up to a second in response to mono- 
polar field stimulation of adjacent tissue. Stable 
recordings were obtained for hours so that the 
bathing solution could often be exchanged up to 50 
times without interfering with the quality of record- 
ing. 

Bath application of acetylcholine and glutamate 

Bath applied ACh (10" 7 to 10~ 4 M) depolarized 
hippocampal pyramidal cells and increased their rate 
of firing. Often sudden 'paroxysmal' depolarization 
shifts (PDS) were observed (Fig. 2B) which were ac- 
companied by bursting discharges and followed by a 
marked membrane hyperpolarization (Fig. 2B). L-glu- 
tamate (10" 4 to 10" 3 M) also excited and depolarized 
pyramidal cells (Fig. 2A), but without causing the 
appearance of PDS. The actions of both ACh and 
L-glutamate were accompanied by a gradual increase 
in membrane noise and a concomitant decrease in the 
amplitude and duration of the evoked synaptic poten- 
tials. The interpretation of the effects on the evoked 
synaptic potentials is somewhat complicated by the 
increased membrane noise, but it is interesting to 
notice that no IPSPs could be detected during mem- 
brane depolarizations, whereas prominent EPSPs 



appeared during membrane hyperpolarizations (Fig. 
2). Threshold concentration for the ACh effects was 
10" 7 M (dose-response tested in 6 cells). 

Local, iontophoretic application of acetylcholine 

We have taken advantage of the easy accessibility 
to pyramidal cells in roller-tube cultures in order to 
apply ACh iontophoretically in the immediate vicinity 
of the pyramidal cell soma from which activity was 
recorded intracellularly. ACh slightly depolarized the 
pyramidal cells and strongly increased their rate of 
firing (Fig. 3). The effect was. compared with that of 
L-glutamate (not shown), slow in onset and outlasted 
the period of drug ejection. In the majority of cells, 
perisomatic application of ACh resulted in a decrease 
of the membrane input resistance (Fig. 3B). Turning 
off the retaining current was usually sufficient to 
excite pyramidal cells; application of higher currents 
of ACh (up to 200 nA) strongly depolarized the cells 
and sometimes blocked their spike-generating mech- 
anism (Fig. 7A). 

In contrast, application of ACh into the pyramidal 
cell layer 0.5-1.5 mm away from the recorded cell 
resulted in a hyperpolarization and a reduction in 
firing rate (Fig. 4), but also caused a decrease in mem- 
brane input resistance (Fig. 4B and E). During the 
hyperpolarizations, the membrane potential appeared 
to be shunted at a level close to the reversal potential 
of the IPSPs. At higher iontophoretic current strength 
(Fig, 4C to E), the membrane also tended to hyperpo- 
larize (Fig. 4C and D, but not in E), but these ACh- 
induced hyperpolarizations were at times followed by 
PDS with inactivated spike discharges (Fig. 4F, E and 
8B). 

This 'distant' effect of ACh could be mimicked by 
field stimulation. When an electrode was placed into 
the pyramidal cell layer at various distances from a 
pyramidal cell from which activity was simul- 
taneously recorded, monopolar field stimulation 
elicted an EPSP-IPSP sequence (Fig. 5A). The re- 
sponse to repetitive stimuli depended on the intensity 
of the stimulation. At low intensity, IPSPs appeared 
to superimpose and the response consisted in a sus- 
tained hyperpolarization, whereas at higher stimulus 
strength (Fig. 5B), IPSPs disappeared, EPSPs of large 
amplitude and even PDS were generated. 12 

Effects on the inhibitory postsynaptic potentials 

When ACh was ejected iontophoretically onto the 
recorded pyramidal cell soma or added to the bathing 
solution, spontaneous (Fig. 3) and evoked (Fig. 2B) 
IPSPs diminished in amplitude. In order to quantify 
this effect, the response to field stimulation was stud- 
ied while the cell was briefly depolarized (depolarizing 
current pulse injected through recording electrode) in 
order to exaggerate the IPSPs and to induce a higher 
frequency of firing. Bath application of 10" 6 M ACh 
(Fig. 6) markedly reduced the duration of the inhibi- 
tory pause in firing induced by field stimulation. The 
action of ACh was rapid in onset and completely 
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reversible. When ACh was applied iontophoretically, 
both onset and recovery of synaptic alterations often 
occurred more rapidly than the increase in the rate of 
firing. 

Specificity of the acetylcholine effect 

In order to address the question of specificity, the 
action of atropine on the effects induced by ACh was 
analyzed in 7 cells. Atropine at a concentration of 
10" 5 M had, by itself, no detectable effect on the bio- 
electric activity. The drug, however, completely pre- 
vented the action of ACh applied to the bath or by 
iontophoresis (Fig. 7). The excitatory effects of periso- 
matic as well as the inhibitory effects of distant appli- 
cation of ACh were all blocked by atropine. Naloxone 
(10" 6 and 10" 5 M), tested on 4 cells, produced neither 
an effect on its own nor influenced the response of 
pyramidal cells to ACh. 

Effects on membrane input resistance in normal solution 
and in solutions containing Mg 2 + % Co 2 * or tetrodo- 
toxin 

Distant iontophoretic application of ACh in all 
cases decreased the membrane input resistance of the 
recorded pyramidal cell (Fig. 4B, 8B). Perisomatic 
iontophoresis (Fig. 3B, 9B) or bath application of 
ACh (Fig. 9A) led in 14 out of 18 pyramidal cells to a 



transient decrease in input resistance, although an in- 
crease in membrane input resistance was observed in 
the remaining 4 cells (Fig. 8A). 

In normal bathing solution, resistance measure- 
ments are complicated by alterations in input resist- 
ance induced by synaptic potentials. In order to deter- 
mine whether ACh exerts a postsynaptic effect, the 
cells were synaptically isolated, either by adding 
Mg 2+ (8-16 mM, 4 cells tested) to the control sol- 
ution or by exposing the cultures to a Ca 2+ -free sol- 
ution containing 1 mM Co 2+ (10 cells tested). In cells 
which had been shown in control solution to respond 
(Fig. 9 A, B), iontophoretic ACh had no effect on input 
resistance once these cells had been synaptically iso- 
lated (Fig. 9C). Similarly, even very high concen- 
trations of ACh (up to 5 x 10~ 4 M) in the bathing 
solution influenced neither input resistance nor excit- 
ability of these decoupled cells (Fig. 9D). 

Exposure of the cultures to a solution containing 
10~ 6 g/ml TTX blocked spontaneous action poten- 
tials and synaptic activity in pyramidal cells, but 
spikes of longer duration, resembling the Ca-spikes 
described by Schwartzkroin & Slawski, 24 could still 
be evoked by depolarizing current pulses applied 
through the intracellular electrode. Under those con- 
ditions, bath application of 10" 5 M ACh led to a 
reversible reduction in membrane resistance and, in 7 



Fig. 3. Effect of perisomatic iontophoretic application of acetylcholine. Turning off the retaining current 
applied to the micropipette to prevent diffusion of ACh led to a prolonged increase in the rate of firing 
which was reversible, but clearly outlasted the duration of application of ACh. The amplitude of 
spontaneous IPSPs was decreased by ACh, but IPSPs recovered while the firing rate was still increased 
(A). In B, membrane input resistance (72 Mfi) was measured by application of negative current pulses of 
120 ms duration and 0.4 nA amplitude. ACh slightly increased membrane conductance. 

Fig. 4. Effects of distant application of acetylcholine on pyramidal cell activity. ACh was ejected ionto- 
phoretically into the pyramidal cell layer about 1 mm away from the recorded pyramidal cell. Low 
current strengths of ACh (0-40 nA) hyperpolarized pyramidal cells (A to C), reduced their membrane 
input resistance (B) and abolished evoked synaptic potentials (C). At higher current strengths of ACh 
(40 nA and more), depolarization shifts with bursting discharges were induced. These depolarizations 
were in some cells preceded by an initial hyperpolarization (D). Membrane input resistance was reduced 
prior to and during the depolarization shifts (E). Stimulus parameters for local field stimulation (C) 
were: 0.1 ms, 4 uA, 1/3 Hz. Resistance was measured with negative current pulses of 120 ms in duration 
and 0.4 nA (B) and 0.5 nA (E) in amplitude, applied at a frequency of 1/3 Hz. 

Fig. 5. Mimicking the effect of acetylcholine by repetitive field stimulation. The monopolar stimulation 
electrode was placed into the pyramidal cell layer about 1 mm away from the recorded neuron. A single 
stimulus (indicated by star) elicited an EPSP-IPSP sequence. Using the same stimulus strength, repeti- 
tive stimulation at 10 Hz led to a marked membrane hyperpolarization (A), whereas at higher stimulus 
strength, the cell depolarized (B). Neither of these effects was influenced by application of 10" 5 M 
atropine (not shown). Stimulus parameters were: 0.1 ms, 10 Hz, 4 pt\ (A) and 10 /*A (B). 

Fig. 6. Effect of acetylcholine on the potency of stimulus-induced inhibitory postsynaptic potentials. To 
exaggerate IPSPs, monopolar field stimulation was applied (arrow) during a depolarizing current pulse 
of 120 ms duration and 0.5 nA current strength applied through the recording electrode. During these 
depolarizing pulses, about 10-13 action potentials were evoked (not shown). In control solution, field 
stimulation elicited a short latency EPSP (triggering an action potential) followed by a long-lasting 
pause in firing. During application of 10" 6 M ACh, the probability of firing during these IPSPs gradu- 
ally increased, an effect which was rapid in onset and completely reversible. Examples of responses 
before (1), during (2,3) and after (4) application of ACh are illustrated. The period of inhibition as 
indicated in the lower graph was defined as the interval between the time of onset of the IPSP and the 
first evoked spike. Since no spike was generated during the control period and after drug application, the 
interval between the onset of the IPSP and the end of the depolarizing pulse was taken as 100 ms and 

marked by open circles. 
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Fig. 7. Effect of atropine on the action of acetylcholine. Perisomatic iontophoretic application of ACh 
depolarized and excited the pyramidal cell (A). Due to the strong depolarization, the spike-generating 
mechanism was partially inactivated. Before drug application, membrane input resistance was deter- 
mined by current pulses (indicated as stars). During application of 10" 6 M ati opine to the bath (B), even 
prolonged iontophoretic ejection of ACh was ineffective in exciting the pyramidal cell. The location of 
the iontophoretic electrode was identical during the recordings illustrated in A and B. 



of 16 cells, to the generation of PDS (Fig. 10A). More- 
over, ACh clearly reduced the threshold for the gener- 
ation of Ca-spikes in 13 of 16 cells (Fig. 10D). In 
contrast to ACh, the enkephalin analogue FK 33-824 
which in normal solution also induces PDS, 6 had no 
detectable effect on the activity of pyramidal cells in 
these TTX-treated cultures. 

DISCUSSION 
ACh was found to exert multiple effects on pyrami- 
dal cells in organotypic cultures of rat hippocampus. 
First, ACh exerted powerful effects on IPSPs and 
second, produced depolarizing responses which were 
associated with a slow or explosive increase in rate of 
firing. Third, local iontophoretic application of ACh 
led, depending on the ejection site, either to a de- 
polarization or to a hyperpolarization of the mem- 
brane. And fourth, ACh depolarized pyramidal cells 
which were synaptically isolated from other cells by 
application of TTX, but did not affect those isolated 
by application of Co 2+ - or Mg 2 + -ions. Compared 
with the acute slice preparation, much lower concen- 
trations of ACh excited hippocampal neurons in orga- 
notypic cultures. It is, however, not clear whether this 
difference is due to a more rapid diffusion of ACh or 
to development of denervation supersensitivity to 
ACh. 

Postsynaptic actions of acetylcholine 

A presumably postsynaptic muscarinic action of 
ACh has been described to cause a slow, prolonged 



depolarization associated with an increase in firing 
rate in hippocampal pyramidal cells. 2 3 ' 4 - 25 This de- 
polarization was accompanied 515 or followed 1 by an 
increase in membrane input resistance which was 
interpreted to be caused either by a reduction in rest- 
ing potassium conductance 5 or by enhanced anom- 
alous rectification. 1 Only very slight or no effects on 
input resistance were observed when ACh was ionto- 
phoretically applied to the perisomatic 30 or dendritic 
region of pyramidal cells. 14 In the present study, in- 
creases or decreases in input resistance of pyramidal 
cells were detected in response to application of ACh, 
with reductions clearly predominating. No effect of 
ACh was observed when Ca 2 + -permeability was 
blocked by addition of Mg 2 + - or Co 2 + -ions, but ACh 
still caused a membrane depolarization and a de- 
crease in input resistance in TTX-treated cultures. 
These results suggest that cultured pyramidal cells 
possess ACh receptors and that activation of these 
receptors leads to the generation of a depolarizing 
current which is presumably mainly carried by Ca 2 + - 
ions. 

Iontophoretic application of acetylcholine 

An unexpected finding was that the response to 
local iontophoretic application of ACh depended on 
the site of ejection. Perisomatic application evoked a 
membrane depolarization and reduced the amplitude 
and duration of IPSPs. In contrast, more distant ap- 
plications of ACh hyperpolarized pyramidal cells. At 
higher iontophoretic currents, paroxysmal depolariz- 
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Fig. 9. Effect of acetylcholine on a synaptically-isolated pyramidal cell. ACh was shown to excite the 
pyramidal cell when the drug was applied to the bath (A) or by iontophoresis (B). Membrane input 
resistance was monitored throughout the experiment. Successful synaptic decoupling of pyramidal cell 
was ascertained by recording the effect of field stimulation (arrows) before and during exposure to a 
Ca 2 + -free solution containing 1 mM Co 2+ (C). Following synaptic isolation, ACh applied iontophoreti- 
cally with a current of 100 nA to the perisomatic region of the cell (C) or applied to the bath at 
concentrations up to 5 x 10" 5 M (D) had no detectable effect on either resting membrane potential or 
on membrane input resistance and membrane excitability as measured by intracellular current pulses 
(120 ms, ±0.5 nA). At 5 x 10" 4 M ACh, an anodal break response was evoked. 
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Fig. 8. Comparing the effect of perisomatic and of distant application of acetylcholine on membrane 
input resistance of a single pyramidal cell Perisomatic application of ACh excited the pyramidal cell (A), 
whereas administration of ACh in the pyramidal cell layer at a distance of approximately 1 mm from the 
recorded neuron caused a biphasic response consisting in an initial hyperpolarization followed by a 
sudden depolarization with bursting discharges (B). Input resistance was measured every 3 s by applying 
negative current pulses of 120 ms duration and 0.5 nA amplitude. In C, the changes in input resistance 
observed in A (open circles) and in B (black dots) are illustrated graphically. Perisomatic ACh appli- 
cation led to a reversible increase, distant application to a reversible decrease in membrane input 
resistance. Examples of individual responses obtained during perisomatic (1-3) or distant (4-6) ACh 
applications, sampled at the times indicated in C, are shown under the records A and B. 
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Fig. 10. Effect of acetylcholine on hippocampal pyramidal cells in the presence of tetrodotoxin. During 
exposure of the cultures to 10" 6 g/ml TTX, ACh (10" 5 M) induced a PDS which was characterized by 
sudden depolarizations with plateau-formation during which multiple spikes of long duration were 
generated (A). The depolarization was accompanied by a reduction in membrane input resistance. 
L-glutamate (10" 3 M) also depolarized the pyramidal cell, but did not induce spiking activity (B). The 
opioid peptide FK. 33-824 (FK), which in control solution is known to produce PDS, had no effect in the 
presence of TTX (C). Resistance was monitored throughout the experiment by intracellular current 
pulses (120 ms, -0.5 nA, 1/3 Hz). The recordings A to C were taken from the same cell. Following each 
drug application, the preparation was bathed in Hanks' balanced salt solution containing TTX until the 
membrane characteristics were similar to those seen before drug application. After prolonged appli- 
cation of TTX, fast Na-spikes and synaptic transmission (determined by measuring the response to field 
stimulation) reappeared within approximately 30min of return to the control solution (not shown). D 
illustrates recordings from another cell which (in the presence of tetrodotoxin) was depolarized by 
acetylcholine without generation of paroxysmal depolarization shift. In such cases, it was possible to 
assess excitability and resistance changes directly induced by ACh. In this cell, 10" 5 M ACh reversibly 
reduced the threshold for the generation of long duration spikes (presumably Ca-spikes) and decreased 
membrane input resistance. Examples of such responses are illustrated in D, in which the numbers 
indicate the calculated membrane input resistance (average of 8 responses). Parameters of the pulses 

were: 120 ms, 1/3 Hz, ±0.3 nA. 



ation shifts were produced. Both the excitatory and 
the inhibitory effects of distant application of ACh 
were mimicked by electrical stimulation (Fig. 5). It 
appears, therefore, reasonable to assume that strong 
stimulation by ACh of cells located in the vicinity of 
the site of ejection gave rise to the inhibitory and 
excitatory responses. These effects could be mediated 
by local circuit interneurons or by inhibitory 16 as well 
as excitatory interactions 19 between pyramidal cells. 



Local effects of ACh could perhaps help to explain 
the biphasic hyperpolarization-depolarization 
sequence reported by Benardo & Prince, 1 following 
microdrop application of ACh to hippocampal slices. 

Presynaptic effects of acetylcholine 

A presumed presynaptic action of ACh on hippo- 
campal neurons was first demonstrated by Yamamoto 
& Kawai 31 who reported that ACh abolished synapti- 
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cally-evoked granule cell responses in hippocampal 
slices. Later studies' extended these observations by 
showing that ACh applied in the pyramidal cell layer 
increased and prolonged EPSPs, whereas dendritic 
application had a suppressing effect on EPSPs and on 
population spikes. 14,30 Furthermore, in recent publi- 
cations, ACh has been reported to exert a powerful 
disinhibitory effect in situ 18,22 as well as in hippocam- 
pal slices. 30 The present results are consistent with the 
hypothesis that part of the action of ACh in the hip- 
pocampus is mediated at a presynaptic site, since the 
potency of IPSPs was strongly reduced when ACh 
was either applied to the bath or iontophoretically- 
ejected onto the perisomatic region of the recorded 
neuron. Postsynaptic effects such as changes in mem- 
brane input resistance, block of chloride channels or 
of GABA receptors can, however, not be excluded. 
The amplitude of EPSPs was also decreased, but it 
was again not clear whether this reduction was due to 
membrane depolarization or consecutive to a presyn- 
aptic effect of ACh on excitatory nerve terminals. As 
shown also by other investigators, 18,30 the presumed 
presynaptic action of ACh had a more rapid time 
course than the depolarizing effect of ACh. 

Paroxysomal depolarization shifts 

During bath application and during distant ionto- 
phoretic administration of ACh at high current 
strength, pyramidal cells often produced paroxysmal 
depolarization shifts accompanied by bursting dis- 
charges (see Fig. 2B, 4D and 4E). Such epileptiform 
activity was not observed during bath administration 
of L-glutamate (Fig. 2A), a drug which also excited 
and depolarized pyramidal cells. Similar depolariz- 
ation shifts, however, were previously observed in re- 



sponse to bath application of y-aminobutyrate 
(GABA)-antagonists 6 or opiate receptor agonists. 6,8 
The PDS induced by ACh apparently involve recep- 
tors different from, GABA or opiate receptors, since 
naloxone, a specific opiate antagonist, did not 
influence the ACh response and since ACh (R. 
Maurer, personal communication) and cholinergic 
drugs 32 have a low affinity for GABA-binding sites. 

The synthetic enkephalin analogue FK 33-824 had 
no influence on pyramidal cells in TTX-treated cul- 
tures (see also Haas & Gahwiler 10 ), whereas ACh still 
induced PDS under these conditions. The latter find- 
ing not only supports the hypothesis that pyramidal 
cells possess intrinsic burst-generating mechanisms, 243 
but it also shows that these mechanisms can be trig- 
gered by a neurotransmitter acting postsynaptically. 

Cholinergic inputs to the hippocampus are thought 
to originate mainly in the medial septal nu- 
c j e j 20,21.26.29 ] t j s therefore, noteworthy that the 
present study shows ACh receptors to be retained fol- 
lowing long-term culture of an isolated in vitro prep- 
aration. Our data suggest that ACh receptors, once 
established, remain present and functional for pro- 
longed periods even in the absence of their physio- 
logical ligand. In contrast, Rothman 23 has shown that 
ACh had no effect in cultures of dispersed fetal hippo- 
campal neurons, where cholinergic connections pre- 
sumably had not yet been established at the time of 
cultivation. 
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